Introduction
Neutrophils play a prominent role in innate immunity against invading pathogens and tissue injury. Neutrophil trafficking into inflamed tissues is intimately linked to increased lifespan because of the presence of survival signals. Human mature neutrophils have a short t 1/2 (7-19 h) [1, 2] and die by apoptosis [3] , a constitutively expressed cell death program that renders neutrophils unresponsive to inflammatory stimuli [4] and promotes their removal by scavenger Mfs [5, 6] with minimal damage to the surrounding tissue. Neutrophil apoptosis has emerged as a critical control point in the resolution of inflammation. Suppressed neutrophil apoptosis probably contributes to pathophysiology in patients, including sepsis [7] , acute respiratory distress syndrome [8] , and coronary artery disease [9] . In experimental models, delaying neutrophil apoptosis adversely affects the duration of inflammation [10, 11] , whereas therapeutic induction of neutrophil apoptosis enhances resolution [12] [13] [14] .
Most mediators and microbial constituents found in inflammatory sites can actually delay the onset of apoptosis in vitro [15] [16] [17] . Neutrophil function and survival are commonly studied at physiologic pH, as opposed to the inflammatory microenvironment, which is characterized by interstitial acidification. Indeed, extracellular pH values ranging from 5.5 to 7.0 have been detected in inflamed tissues associated with bacterial infections [18, 19] , atherosclerotic plaque, [20] and cancers [21, 22] . Upon activation, neutrophil metabolism shifts toward aerobic glycolysis with consequent decrease in extracellular pH [23, 24] . Immune cells recognize acidosis as a danger signal. In monocytes/Mfs, extracellular acidosis induces inflammatory gene expression [25] and production of IL-1b in an NLRP3 inflammasome-dependent [26] or -independent manner [27] . Paradoxically, acidosis can also cause anergy of cytotoxic T lymphocytes [28] . In neutrophils, extracellular acidosis induces shape change [29] , releases PAF [30] , upregulates surface expression of CD18 [29] , enhances endocytosis and improves presentation of extracellular Ags through a MHC class I-restricted pathway [31] through activation of the PI3K/Akt, ERK 1/2 [31] , and p38 MAPK pathways [30] . Extracellular acidification also leads to inhibition of superoxide generation [32, 33] and the formation of neutrophil extracellular traps [34] . Delayed neutrophil apoptosis has also been noted in acidotic media [29, 33] . However, little is known about the molecular mechanisms by which neutrophils sense and respond to acidosis to modulate the constitutive death program or to interfere with the survival cues generated by inflammatory mediators.
We report that extracellular acidosis signals through the PI3K/ Akt, ERK, NF-kB, and adenyl cyclase/PKA pathways to rescue neutrophils from apoptosis by preserving Mcl-1, preventing mitochondrial dysfunction, and subsequently activating caspase-3. We also show that extracellular acidosis acts additively with the apoptosis-delaying action of bacterial constituents CpG DNA and LPS and the acute-phase proteins modified/monomeric Creactive protein and SAA.
MATERIALS AND METHODS

Materials
Escherichia coli. DNA (CpG DNA, strain B; Millipore-Sigma, St. Louis, MO, USA) was purified by extraction with phenol: chloroform: isoamyl alcohol (25:21:1, vol/vol/vol) and ethanol precipitation [17] . DNA preparations contained ,5 ng LPS/mg DNA by Limulus assay (MilliporeSigma). SAA was purchased from PeproTech (Rocky Hill, NJ, USA), LPS (E. coli serotype o111:B4) was from Millipore-Sigma. Human modified/ monomeric C-reactive protein (mCRP) was prepared as described [35] .
Neutrophil isolation and culture
Neutrophils were isolated [36] from the venous blood (anticoagulated with 50 U/ml heparin) of healthy volunteers who had denied taking any medication for .2 wk. The Clinical Research Committee at the Maisonneuve-Rosemont Hospital had approved the protocols (reference no.: 99097) and we obtained written consent from each blood donor. Neutrophils (5 3 10 6 cells/ml: purity, .96%; viability, .98%; and apoptotic, ,2%) were resuspended in [HBSS, in mM: NaCl, 137; KCl, 5; CaCl 2 , 1.7; MgSO 4 , 0.6; Na 2 HPO 4 , 0.3; KH 2 PO 4 , 0.4, NaHCO 3 , 0.4, D-glucose, 5; (pH 7.4)]. Mild extracellular acidification was achieved by resuspending neutrophils either in a modified HBSS, in which NaHCO 3 was replaced with 10 mM HEPES (HBSS-H) or RPMI 1640 (cat. no. 11835, NaHCO 3 , 24 mM, no phenol red; Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10 mM HEPES previously adjusted to the desired pH values with the addition of 10 mM HCl solution. All culture media were supplemented with 10% autologous serum immediately before use. To assess intracellular signaling pathways, neutrophils were first incubated on a rotator for 20 min at 37°C with PD98059 (50 mΜ, SB203580 (1 mM), wortmannin (100 nM), the PKA inhibitor H89 (5 mM), the selective NF-kB inhibitors Ro-106-9920 (5 mM) or BAY 11-7082 (10 mM), the pan-caspase inhibitor z-VAD-fmk 20 mM), z-FA-fmk (20 mM; all from Millipore-Sigma ) or vehicle (0.1% DMSO in PBS), centrifuged and then resuspended in HBSS-H (pH 7.4, 7.0, or 6.5). In another series of experiments, neutrophils in HBSS-H (pH 7.4) were challenged with dibutyryl cAMP (0.25-1 mM; MilliporeSigma), or neutrophils in HBSS-H (pH 7.4 or pH 6.5) were challenged with CpG DNA (0.025-6.4 mg/ml), SAA (10 mg/ml), LPS (1 mg/ml), or mCRP (12.5 mg/ml). At the designated time points, cells were processed as described below.
Assessment of apoptosis
Early and late apoptosis was assessed by flow cytometry with FITCconjugated annexin-V (BD Biosciences, San Diego, CA, USA) in combination with propidium iodide (Thermo Fisher Scientific), and the percentage of cells with hypoploid DNA, respectively [37] . Neutrophils that did not stain with propidium iodide were considered viable cells. Caspase-3 activity was monitored with flow cytometry using FITC-labeled DEVD-fmk (Millipore-Sigma) according to the manufacturer's protocol and is expressed as fluorescence units per 60 min [13] . For morphologic analysis, neutrophils were stained with Wright-Giemsa dye or acridine orange (10 mg/ml), and apoptosis was assessed by nuclear morphology (condensed or fragmented chromatin) under light and fluorescence microscopes, respectively.
Mitochondrial DC m and release of mitochondrial proteins Neutrophils (5 3 10 5 cells) were incubated for 15 min with the lipophilic fluorochrome chloromethyl-X-rosamine (CMXRos, 200 nM; Millipore-Sigma), and the fluorescence was analyzed in a FACSCalibur flow cytometer and CellQuestPro software (BD Biosciences) [11] .
Nuclear, cytosolic, and mitochondrial fractions were prepared with an NE-PER Nuclear and Cytosolic Extraction kit and Mitochondrial Isolation kit (Thermo Fisher Scientific), respectively. Cytochrome c levels in mitochondrial and cytosolic extracts (20 mg protein each) were determined by an ELISA (Active Motif, Carlsbad, CA, USA). The intra-assay coefficient of variation was ,10%. Nuclear accumulation of AIF and endonuclease G was assayed by Western blot analysis [17] .
Western blot analysis
Neutrophils (5 3 10 6 ) were lysed in 100 ml Laemmli 1 time loading buffer containing 1 ml of 100 times protease inhibitor cocktail (Thermo Fisher Scientific). Proteins were resolved by SDS-PAGE, transferred to PVDF membrane, blocked with 5% skimmed milk powder in TBS plus 0.5% Tween-20 and probed with Abs to phosphorylated ERK 1/2, Akt, p38 MAPK (all from Cell Signaling Technology, Danvers, MA, USA), Mcl-1, AIF, and endonuclease G (all from Santa Cruz Biotechnology, Dallas, TX, USA), b-actin (Millipore-Sigma) or YY1 protein (Santa Cruz Biotechnology) [11] . Band density was quantified with National Institutes of Health (NIH) ImageJ software (http://rsb.info.nih.gov/ij/) and was expressed as a ratio of unstimulated cells after correction for loading discrepancies using the density of the b-actin or YY1 protein bands.
NF-kB activation
Nuclear fractions were prepared with the NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scientific). Binding of NF-kB/p65 to the immobilized kB consensus sequence 59-GGGACTTTCC-39 was assayed with the TransAM NF-kB/p65 Activation Assay (Active Motif) using 15 mg nuclear extracts. Phosphorylated IkB-a [Ser 32 ] in cytosolic fractions was determined with an ELISA kit (Thermo Fisher Scientific).
cAMP assay
To determine intracellular cAMP levels, neutrophils were cultured in the presence of 3-isobutyl-1-methylxanthine (1 mM; Millipore-Sigma). Cells were collected at the indicated time points by centrifugation for 10 s in a tabletop microcentrifuge. Intracellular cAMP concentrations were measured after acetylation, with a competitive ELISA (Enzo Life Sciences, Farmingdale, NY, USA) in accordance with the manufacturer's instructions. The kit uses a rabbit polyclonal Ab against cAMP (,0.001% cross-reactivity with cGMP). Intra-assay coefficient of variation was ,7%.
CpG DNA uptake
For quantitative analysis of CpG DNA, neutrophils were incubated at 37 or 4°C with FITC-labeled CpG DNA or FITC-labeled thymus DNA. At the indicated times, neutrophils were washed with PBS and then resuspended in ice-cold PBS containing 0.2% trypan blue (100 ml) to quench extracellular fluorescence [13] . Intracellular fluorescence was analyzed with a FACScan flow cytometer and CellQuestpro software (both from BD Biosciences).
Statistical analysis
Data are expressed as means 6 SEM. Statistical comparisons were made by ANOVA with ranks followed by Dunn's multiple-contrast hypothesis test, the Wilcoxon signed rank test, or the Mann-Whitney U test (2-tailed). Statistical significance was set at P , 0.05.
RESULTS
Extracellular acidosis delays neutrophil apoptosis by preserving mitochondrial function
To investigate the impact of extracellular acidosis on apoptosis, human neutrophils were cultured for up to 72 h at pH 6.5 and 7.0. Control cells were cultured at 7.4 (neutral pH). Culture of neutrophils in HBSS-H adjusted to pH 6.5 markedly suppressed neutrophil apoptosis in a time-dependent manner (Fig. 1A) . After 24 h of culture, an increased number of annexin V 2 and propidium iodide 2 cells were present that were identified morphologically as intact neutrophils. Consistent with Neutrophil viability, mitochondrial DC m and apoptosis were assessed after 24 h of culture (n = 6). *P , 0.05, **P , 0.01. suppression of development of apoptotic morphology, acidosis partially prevented disruption of mitochondrial DC m . Considerable portions of neutrophils retained a nonapoptotic phenotype, even after 48 h in culture in an acidic environment. Cell viability decreased to ,26% by 72 h at pH 6.5, but still was 2.6-fold higher than that detected at pH 7.4. Adjusting culture medium to pH 7.0 was sufficient to suppress development of apoptotic morphology, albeit to a somewhat lesser degree than that observed at pH 6.5 (Supplemental Fig. 1A) , indicating the ability of neutrophils to recognize and respond to slight changes in pH. As anticipated, culture of neutrophils for 24-72 h caused consistent slight further acidification in the media regardless of the initial pH ( Fig. 1B) Because various percentages of neutrophils undergo apoptosis in different culture media within 24 h of culture [11, [15] [16] [17] 33] , we compared apoptosis of neutrophils cultured in HBSS and RPMI-1640 medium, adjusted to pH 6.5 and 7.4. A higher percentage of neutrophils underwent apoptosis in RPMI-1640 medium than in HBSS or HBSS-H at pH 7.4; however, raising the acidity to pH 6.5 efficiently suppressed neutrophil apoptosis, regardless of the composition of the culture medium (Supplemental Fig. 1B) . Consistent with preserving mitochondrial DCm, extracellular acidosis partially prevented release of cytochrome c from the mitochondrion to the cytoplasm ( Fig. 2A) and reduced nuclear accumulation of AIF and endonuclease G (Fig. 2B ). These were associated with decreases in caspase-3 activity (Fig. 2C) . Pretreatment of neutrophils with the pan-caspase inhibitor zVADfmk effectively suppressed neutrophil apoptosis and increased the number of viable cells at pH 7.4 without affecting the number of neutrophils with decreased mitochondrial DCm (Fig. 2D) . In contrast, zVAD-fmk produced considerably less pronounced changes at pH 6.5 (viable cells, D% 21.4 6 4.7 vs. 7.3 6 6.3 at pH 7.4 vs. pH 6.5; annexin-V + cells, D% 224.7 6 3.3 vs. 213.7 6 3.3 at pH 7.4 vs. pH 6.5; cells with hypoploid DNA, D% 210.9 6 2.2 vs. 23.9 6 1.4 at pH 7.4 vs. pH 6.5, n = 6, P , 0.05 for all). Neither vehicle (0.1% DMSO) (Fig. 2D ) nor z-FA-fmk (a negative control) (data not shown) elicited any detectable effects. (Fig. 3A) and also enhanced phosphorylation of p38 MAPK after 1 h of culture (Fig.  3B) . To analyze the involvement of MAPK, we used pharmacological inhibitors. Both the MEK inhibitor PD98059 and the PI3K inhibitor wortmannin partially blocked extracellular acidosis suppression of capase-3 activation (Fig. 2C ) and development of apoptosis (Fig. 3C) . By contrast, blockade of p38 MAPK with SB 203580 had no detectable effects. PD98059, wortmannin, and SB203580 blocked CpG DNA-stimulated phosphorylation of ERK, Akt, and p38 MAPK at pH 6.5, respectively (Supplemental Fig. 2 ).
Blockade of
PI3K and ERK pathways partially reverses extracellular acidosis suppression of neutrophil apoptosis To assess the intracellular signaling pathways, we first studied the activation of several MAPKs known to regulate neutrophil survival and monitored mitochondrial function and caspase 3 activation. Acidosis triggered rapid phosphorylation of Akt and ERK relative to cells cultured at pH 7.4
Extracellular acidosis triggers NF-kB signaling
In granulocytes, activation of NF-kB generates survival signals by delaying constitutive apoptosis [38] . To explore the involvement of NF-kB in extracellular acidosis suppression of neutrophil apoptosis, we prepared cytosolic and nuclear extracts and assessed cytosolic IkB-a phosphorylation and NF-kB/p65 binding to immobilized kB consensus sequence with ELISAs. Acidosis evoked rapid phosphorylation of IkB-a and increases in DNA binding by NF-kB/p65 (Fig. 4A) . As anticipated, culture of neutrophils at pH7.4 with the NF-kB inhibitors BAY 11-7082 or Ro-106-9920 decreased neutrophil survival by slightly augmenting the percentage of apoptotic cells (Fig. 4B) . Furthermore, both NF-kB inhibitors partially reversed acidosis suppression of neutrophil apoptosis assessed at 24 h of culture, as evidenced by increases in the percentage of annexin V + cells, cells with decreased mitochondrial DC m , and hypoploid cells (Fig. 4B) . The inhibitory actions of Bay 11-7082 and Ro-106-9920 were similar. Increasing the concentration of these compounds resulted in no further inhibitory actions (data not shown).
Acidic pH increases intracellular cAMP production, which generates survival cues for neutrophils
Earlier studies implicated soluble adenylyl cyclase as a proton sensor in renal epithelial and other cell types [39] . We next examined contribution of adenylyl cyclase activation to acidosis suppression of apoptosis. Adjusting the culture medium to acidic pH (6.4 or 7.0) evoked elevations in intracellular cAMP over baseline level with significant increases occurring at 5 min and continued for 15-20 min (Fig. 5A) . The maximum change in cAMP concentration was 1.5-fold over baseline levels. For comparison, we detected a 2.2-fold increase in response to fMLP. Lower pH triggered higher increases in cAMP (Supplemental Fig. 3 ). Because many important functions of cAMP are mediated through activation of cAMP-dependent PKA, we assessed the impact of the PKA inhibitor H-89 on neutrophil apoptosis. Consistent with changes detected in intracellular cAMP levels, H89 did not affect survival and apoptosis when neutrophils were cultured at pH 7.4, whereas it reduced neutrophil viability and enhanced apoptosis at pH 6.5 (Fig. 5B) . A higher concentration of H89 (10 mM) provided no further increases in the percentage of apoptotic cells (data not shown), indicating a contribution of a PKA-independent signaling to acidotic suppression of apoptosis.
To confirm the involvement of the cAMP/PKA pathway, neutrophils were cultured in HBSS-H at pH 7.4 in the presence of dibutyryl cAMP for 24 h. The concentration-effect curve of dibutyryl cAMP was bell shaped (Fig. 5C) . At micromolar concentrations, dibutyryl cAMP prevented mitochondrial dysfunction, markedly suppressed neutrophil apoptosis and increased viability, whereas at millimolar concentrations, the number of viable or apoptotic cells did not differ significantly from those detected when neutrophils were cultured with vehicle only.
We further probed the effect of acidosis on the expression of Mcl-1, a key regulator of neutrophil apoptosis [40, 41] . Consistently, Mcl-1 expression decreased rapidly during culture at pH 7.4 (Fig. 5D) . Acidosis partially preserved Mcl-1 expression ( Fig. 5D and E ). H89 and BAY 11-7082 had no effect on Mcl-1 expression at pH 7.4, whereas BAY-11-7082, but not H89, produced slight statistically significant decreases in Mcl-1 expression at pH 6.5, indicating a contribution of NF-kB signaling to preservation of Mcl-1.
Extracellular acidosis results in additive suppression of neutrophil apoptosis by inflammatory mediators
Having shown that extracellular acidosis delays neutrophil apoptosis, we next investigated whether extracellular acidosis could interfere with survival cues generated by LPS, CpG DNA, SAA, and mCRP. These mediators were chosen for their clinical relevance and because of their well-established effects on neutrophil apoptosis [17, 35, 37, 42] . As anticipated, these mediators markedly increased neutrophil longevity by delaying apoptosis at neutral pH (Figs. 6 and 7A) . The apoptosis-suppressing action became more pronounced when neutrophils were cultured at pH 6.5. The effects of extracellular acidosis and inflammatory mediators appeared to be additive in most parameters studied.
To address the underlying mechanisms, in subsequent studies, we used CpG DNA as a survival cue for neutrophils. The combination of CpG DNA and zVAD-fmk produced similar reductions in the number of apoptotic cells (assessed by annexin V and staining for mitochondrial DC m ) than CpG DNA alone (Fig.  7A) , indicating that CpG DNA and zVAD-fmk inhibited the same pathway, regardless of whether neutrophils were cultured at pH 7.4 or 6.5. The number of cells with hypoploid nuclei was lower with the combination of CpG DNA and zVAD-fmk than with CpG DNA alone at both pH 7.4 and 6.5, indicating a slower progression to late apoptotic morphology.
To study whether extracellular apoptosis could affect CpG DNA uptake, FITC-labeled CpG DNA was added to neutrophils at the time of suspending cells in HBSS-H pH 7.4 or 6.5. Accumulation of FITC-labeled CpG DNA rapidly increased within a few minutes and was significantly higher at pH 6.5 than at pH 7.4 at all time points studied (Fig. 7B) . Neutrophils did not accumulate FITC-labeled thymus DNA, not even at acidotic pH. CpG DNA uptake was significantly reduced at 4°C, and no differences were detected at pH 7.4 or 6.5. CpG DNA generates survival cues through activation of the PI3K/Akt and MEK/ERK pathways [17] . We also detected enhanced phosphorylation of Akt and ERK 1/2 in response to CpG DNA at neutral pH, which were enhanced at pH 6.5 (Fig.  7C) . Consistent with previous reports [40, 41] , our results also show that expression of Mcl-1 rapidly decreases in neutrophils undergoing apoptosis. CpG DNA partially preserved Mcl-1 expression with more pronounced effects at pH 6.5 than at pH 7.4 (Fig. 7D) . Mcl-1 expression did not differ significantly in the presence or absence of CpG DNA at pH 6.5 (Fig. 7E) , as assessed at both 1 and 2 h of culture (Figs. 7E and F) .
DISCUSSION
Apoptosis of neutrophils has emerged as a control point in the resolution of inflammation. Once they have discharged their function, neutrophils that have accumulated within inflamed tissues are thought to preferentially undergo apoptosis that allows their removal by Mfs. Prolonged neutrophil survival perpetuates the inflammatory response and delays resolution. Our study identifies multiple intracellular signaling pathways activated by mild extracellular acidosis to suppress neutrophil apoptosis and to provide signals additive to those generated by inflammatory mediators.
Consistent with the commitment of neutrophil to apoptosis, extracellular acidosis delayed rather than blocked apoptosis, resulting in prolonged neutrophil survival. Acidosis alleviated mitochondrial membrane potential transition and loss in mitochondrial DC m that occurs in cells irreversibly committed to apoptosis [43, 44] . The present results confirm that acidosis blocked this pathway, resulting in attenuation of release of cytochrome c, endonuclease G, and AIF from the mitochondria and activation of caspase-3, key effectors of the constitutive death program. Acidosis and the pan-caspase inhibitor zVAD-fmk did not produce additive preservation of mitochondrial DC m and suppression of apoptosis, further highlighting the importance of delayed caspase-3 activation under acidotic conditions. Our results confirm that neutrophils can sense and respond to small changes in extracellular proton level; decreasing pH to 7.0 was sufficient to retard neutrophil apoptosis. Culture of neutrophils for 24-72 h caused slight further acidification of the medium through accumulation of acidic metabolites from the cells. The more pronounced decreases in the pH 7.4 medium resulted in pH values that may have been sufficient to affect neutrophil longevity. The acidosis-generated prosurvival cues in neutrophils clearly differ from signals triggered in many other cell types, where extracellular acidification is cytotoxic or induces stress response and apoptosis [45, 46] . Extracellular protons may affect cells by multiple mechanisms, signaling through the acid-sensing family of GPCRs or directly affecting the function of other proteins. The G2A family of GPCRs include G2A (GPR132), GPR4, T cell death-associated gene 8 (TDAG8 or GPR65), and ovarian cancer GPCR-1 (OGR1 or GPR68) [47] . Signaling through GPR4 and TDAG8 is associated with adenyl cyclase activation, whereas OGR1 and G2A activate phospholipase C and the Rho signaling pathway, respectively [48] . Human neutrophils and neutrophil-like HL-60 cells express mRNA encoding TDAG8, OGR1, and G2A at various levels [32, 49] , but not for GPR4 [32] . Our results of acidosis-evoked increases in intracellular cAMP production would argue against OGR1 and G2A as neutrophil proton sensors. The role for TDAG8 in neutrophils is uncertain, given that TDAG8 mRNA is expressed at high levels in eosinophils [50] , which are present in conventional neutrophil preparations. Furthermore, soluble adenyl cyclase has been recently identified as an acid sensor in epithelial cells [39, 51] . Soluble adenyl cyclase may have similar function in other cells types, including neutrophils. Regardless of the mechanism leading to adenyl cyclase activation, our results demonstrate that cAMP accumulation and the activity of PKA, a downstream target of cAMP, is essential for acidity-enhanced neutrophil viability and suppression of apoptosis. Indeed, pharmacological blockade of PKA redirected neutrophils to apoptosis under acidotic conditions, but not at physiologic pH. Conversely, dibutyryl cAMP at lower concentrations delayed neutrophil apoptosis at pH 7.4. cAMP accumulation has been shown to induce survival of eosinophils [50] and cell death in other cell types [52] . Dibutyryl cAMP at millimolar concentrations shortened neutrophil viability by promoting apoptosis. PKA-mediated activation of SHP-1 was found to counter ERK 1/2 signaling in Mfs [53] . Whether this Figure 6 . Additive suppression of neutrophil apoptosis by extracellular acidosis and inflammatory mediators. Neutrophils (5 3 10 6 cells/ml) were left untreated (control, C) or challenged with SAA (10 mg/ml), mCRP (12.5 mg/ml), LPS (1 mg/ml), or vehicle (Veh) in HBSS-H adjusted to pH 7.4 or pH 6.5. Cell viability, mitochondrial DC m and apoptosis were assessed after 24 h of culture. Data are means 6 SEM of 6 independent experiments. *P , 0.05, **P , 0.01, † P , 0.05, Representative immunoblots (E) and densitometry analyses (F) for 3 independent experiments are shown. *P , 0.05, † P , 0.05, vs. 0 h. mechanism is operational in neutrophils to attenuate ERKmediated survival remains to be investigated. Taken together, our results support a role for cAMP in the regulation of neutrophil apoptosis. Neutrophil apoptosis is controlled by a complex network of signaling pathways, including the ERK 1/2, PI3K/Akt, p38 MAPK and NF-kB pathways [42] . Our results confirm previous studies [30, 31] that acidification evokes phosphorylation of all three MAPKs, and we investigated their role in suppression of apoptosis. We identified ERK 1/2 and PI3K/Akt-dependent preservation of mitochondrial function as an important mechanism by which acidosis rescued neutrophils from apoptosis. Acidosis evoked more robust phosphorylation of ERK 1/2 than Akt. Other studies had shown that concomitant activation of both ERK 1/2 and Akt is necessary for neutrophil survival [54] and that transient activation of PI3K without ERK activation may not be sufficient to delay apoptosis [55] . Compelling evidence indicates that ERK 1/2 and Akt-mediated phosphorylation of Bax or Bad prevents its association with Mcl-1, which is essential for neutrophil survival [40, 41] . This process would allow expression of the antiapoptotic actions of Mcl-1, including prevention of mitochondrial membrane potential transition and loss of mitochondrial DC m . During constitutive apoptosis, Mcl-1 is rapidly degraded [40, 41] . Acidosis-induced preservation of Mcl-1 is an important mechanism to prevent mitochondrial dysfunction.
Previous studies showed that extracellular acidification through phosphorylation of p38 MAPK induces NADPHmediated ROS production [29] and PAF release [30] . We also detected enhanced phosphorylation p38 MAPK under acidotic conditions; however, p38 MAPK did not generate a survival signal under our experimental conditions, as evidenced by the failure of selective pharmacological blockade of p38 MAPK to affect apoptosis under acidotic conditions.
Our results show that acidosis also evokes activation of NF-kB, another critical regulator of granulocyte apoptosis [38] . Thus, extracellular acidification triggered rapid phosphorylation of IkB-a, allowing NF-kB to translocate into the nucleus and bind to kB consensus sites in the DNA. These findings are in disagreement with those in another study [31] , which did not detect IkB-a degradation in neutrophils in response to acidosis. Although the reasons for these discordant results are not known, they may be related to differences in incubation media and in the sensitivity of the immunoblot assay and ELISA for detecting phosphorylated IkB-a. Pharmacological inhibitors of NF-kB effectively countered the apoptosis-delaying action of acidosis. NF-kB controls the synthesis of prosurvival proteins, such as the Bcl-2 family members (e.g., Bcl-X L , X-linked inhibitor of apoptosis, A1, and probably Mcl-1) [38, 56] . Consistently, NF-kB inhibition resulted in a dramatic drop in Mcl-1 expression in neutrophils in acidotic environment parallel with development of apoptosis.
Although the proton sensors in neutrophils remain to be investigated, our results demonstrate that extracellular acidification triggers activation of four signaling pathways that affect neutrophil longevity by suppressing apoptosis. These pathways appear to converge to prevent collapse of mitochondrial DC m that drives the constitutive apoptotic program. Although the ERK 1/2, PI3K, and NF-kB pathways led to preserving Mcl-1 expression, the cAMP/PKA pathway appeared to be largely independent of modulating Mcl-1 expression and activation of the NF-kB or the Akt pathway. The mechanism by which cAMP or PKA can affect mitochondrial DC m remains to be investigated.
Our results showing additive suppression of apoptosis by acidosis and inflammatory mediators add a novel facet to the regulation of neutrophil apoptosis. Thus, acidosis enhanced neutrophil uptake of CpG DNA, leading to more robust phosphorylation of Akt and ERK 1/2 and prevention of Mcl-1 degradation. In human neutrophils, CpG DNA signals through TLR9 [17] , which is localized intracellularly. However, acidosis modulation of survival cues is not restricted to TLR9, for it also enhanced the apoptosis-delaying actions of LPS, mCRP, and SAA, which signal through TLR4, FcgRIIa, and formyl-peptide receptor 2, respectively [57] [58] [59] . Neutrophils contribute to the acidic microenvironment within inflamed tissues [23, 24] , which, in turn, leads to neutrophil activation, delays apoptosis, and acts in concert with prosurvival cues generated by inflammatory mediators. Extracellular acidification has been reported to inhibit superoxide formation [32, 33] and ROS-dependent formation of neutrophil extracellular traps without affecting phagocytosis or bacterial killing [34] , thereby likely limiting tissue damage. Recent results indicate context-dependent impact of extracellular acidosis on the outcome of inflammation. Thus, genetic deletion of the pH sensor TDAG8 was found to aggravate LPS-induced acute lung injury in mice [60] . In contrast, proton pump inhibitors protected mice from lethal endotoxin shock [61] , highlighting the deleterious consequences of persistent acidosis. Metabolic acidosis is a common trait in patients with sepsis and is more pronounced in nonsurvivors [62] .
In summary, our study showed that extracellular acidosis generates survival cues for neutrophils through the ERK132, PI3K/Akt, NF-kB, and cAMP/PKA pathways by suppressing the constitutive apoptotic machinery. Transient decreases in local pH also provide cues additive to the potent apoptosis-delaying signals by inflammatory stimuli, thereby contributing to amplification or prolongation of the inflammatory response.
